Moderate alcohol intoxication in man, a ubiqitious social event, causes acute but reversible myocardial depression, the mechanism of which is unknown. We investigated whether this depression could be due to a direct effect of ethanol on the process of electromechanical coupling by simultaneously measuring the transmembrane action potential and contraction, or the cytosolic calcium transient (via aequorin photoluminescence) and contraction in isolated ferret right ventricular papillary muscle. Ethanol, in concentrations that are similar to plasma levels in man during intoxication (0.15 vol %), de-pressed the force of contraction -10%. The step in the electromechanical process that was affected appeared to be the calcium-myofilament interaction, as there was no change in the transmembrane action potential or cytosolic calcium transient. This inhibition was quickly reversed by removal of the ethanol from the perfusate.
Introduction
Acute intoxication with alcohol causes reversible myocardial dysfunction, the mechanism of which has never been defined (1) (2) (3) (4) (5) (6) . This effect occurs in normals, alcoholics, and patients with dilated cardiomyopathy, and almost certainly has a different mechanism from the cardiomyopathy induced by longterm ethanol consumption (7) (8) (9) (10) (11) (12) (13) (14) . Most studies of isolated myocardium have sought to explain these acute and reversible changes in the force of contraction by using pharmacologic concentrations of ethanol in the 1% (by volume) range (see reference 12) . These studies have demonstrated that ethanol has multiple effects on the myocardium, and as such could depress the force of contraction at several points in the process of electromechanical coupling. Contrary to the above studies, we wished to ascertain whether ethanol, in concentrations similar to the serum levels frequently achieved in man (- area of interest of the present study and was selected to describe the threshold for changes in contractility (at clinically encountered concentrations), while the latter was selected as representative ofthe range where major changes in both the electrical and contractile properties have been described in prior studies ofisolated cardiac preparations. In the lower range, we called the ethanol concentration that produced a 10% decline in stress the threshold concentration. In the higher range we tested whether ethanol shifted the [Ca2J]i/force curve and whether the negative inotropic effects of ethanol could be reversed by addition of extra calcium to the superfusate (from 0.5 to 10 mM) or by addition of the calcium channel agonist, BAY-K 8644 (10-6 M).
Statistics. Data are presented as means and standard deviations. Comparison between groups was performed by one-or two-way analysis of variance.
Results
Threshold concentrations ofethanol. We established a threshold for changes in contractility in 13 muscles in the lower range of ethanol concentrations. Fig. 1 displays the changes in stress as a function of ethanol concentration. The ethanol concentration that produced a 10% decrease in stress, the threshold concentration, was 0.15±0.5%. When expressed as a percent of control, at 0.15% there was an 1 1.4±2% decrease in force in the entire group (P < 0.01). It appeared, therefore, that the force of contraction was altered in isolated cardiac muscle at ethanol concentrations similar to serum levels seen in man. These changes in stress were all reversible with removal of the ethanol (Fig. 2) .
The next experiments investigated whether threshold concentrations of ethanol decreased contraction by altering electromechanical coupling at the level of the sarcolemma. We examined the action potentials from four muscles at the ethanol concentration that produced a 10% decline in stress. In these experiments, the twitch force and transmembrane action potential were simultaneously measured. At threshold, we found no change in the action potential (Table I ). Fig. 3 Fig. 2 displays a representative experiment where the stress is seen to decline by -10%. As can be seen from the raw luminescence records, there was no change in the light transient, suggesting that the mechanism of the decrease in stress was distal to the release of cytosolic free calcium, i.e., inhibition of the calcium myofilament interaction. In some preparations (Fig. 2) there was an increase in light with the removal of ethanol. This was an inconstant finding whose mechanism was not clear. Fig. 4 demonstrates the signal averaged twitch and light transient superimposed at the same time base and gain from another threshold experiment. There is a -10% decline in stress, but no change in the time course or peak of the calcium transient. Table II displays the summary data from the light and stress (50-100 signal averaged beats) in these muscles at control and at exposure to threshold concentrations of ethanol. We used time to peak light (from the stimulus) and time to 75% light dissipation (analogous to time to 75% relaxation) as a means to compare the time course and shape ofthe calcium transient, all ofwhich show no change in the calcium signal at threshold concentrations of ethanol.
The effects on contraction were readily reversible, as demonstrated in Fig. 2 , by simply removing the ethanol. The decrease in contractility could be easily reversed by increasing superfusate calcium (Fig. 5) . With the addition of as little as 0.5 mM calcium to the superfusate, both stress and light increased.
High ethanol concentrations. To examine the effects of ethanol at higher concentrations, we exposed muscles to 1.0-3.0% ethanol. We first investigated the effects of ethanol on the sarcolemma by measuring the action potential in four separate muscles exposed to the higher concentrations of ethanol. Fig. 6 is a photograph of the twitch and action potential after exposure to 3% ethanol. Unlike the exposure to threshold concentrations, 3% ethanol was associated with concomitant and significant changes in the action potential (Table III) . The decrease in duration (APD 50) of the action potential alone would allow less time per beat for entry of calcium via the slow calcium channel. The effects of ethanol on the sarcolemma appear to be complex since the decrease in dV/dTma, suggests a concomitant inhibition of the fast sodium channel. In the experiments at the higher ethanol concentrations we were unable to dissociate the effects of the action potential and the twitch, as was present at the threshold. These same changes were also evident at 1 or 2% ethanol (Table IV) .
Unlike the threshold exposure, there was a significant decline in the peak and duration of luminescence during the exposure to ethanol concentrations between 1 and 3%. As noted in Table IV, there appeared (Table IV) . In concert with the changes in the action potential, these data confirm multiple levels of inhibition of electromechanical coupling. These data indicated that at the higher concentrations of ethanol multiple mechanisms of contractile inhibition were present. Nonetheless, we wanted to know whether the apparent change in the calcium myofilament interaction would still be evident at these high concentrations. To do this we investigated whether higher concentrations of ethanol shifted the [Ca2+]i/stress curve, and if so, whether increasing transsarcolemmal calcium flux (via increasing perfusate calcium or using Bay-K 8644) would increase both [Ca2 ]i and stress. Fig. 8 shows the relationship between peak contractile force (stress) and luminescence (L/Lmax) generated during the Ca2+ concentration-response curve. The addition of3% ethanol at the peak of the curve resulted in a significant decrease in force and 
Discussion
The goal of this study was to ascertain at what level of electromechanical coupling ethanol affects myocardial contractile function. The primary finding in this study is that ethanol, in concentrations found in man during acute intoxication, causes an alteration in electromechanical coupling, which may be at the level of the myofilaments. The effect is reversible by increasing the amount of calcium presented to the myofilaments or by washing out the ethanol. Ethanol at threshold concentration did not appear to alter the action potential, suggesting that electromechanical coupling was not altered at the level of the sarcolemma. It is, of course, possible that ethanol had multiple effects on ion currents, which would lead to no net change in inward or outward currents and thus leave the action potential unaltered. Indeed, at higher concentrations ethanol appears to be a potent antagonist of both the sodium and calcium channel (see below).
With the advent of the photoluminescent calcium indicators, it is now possible to study the relationship between free intracellular calcium ([Ca2+]1) and the force generated by the cardiac twitch (15). In these experiments the peak and the time course (shape) of the aequorin transient were unchanged at a time when ethanol had decreased the force of contraction by -10%. These data in turn suggest that the amplitude and time course of the cytosolic calcium transient were not changed at the threshold concentration of ethanol. That we could also demonstrate that the cardiac action potential was not altered is consistent with the hypothesis that the effect was at the level of the myofilaments, and not at the sarcolemma or sarcoplasmic reticulum (16) .
It should be noted that all methods, including aequorin, for determining the relationship between [Ca2+]i and force production (hence, myofilament sensitivity) have problems (17, 18 (17) . The mechanism of the action at the sarcolemma appears to be diffuse, as both the calcium and sodium channel seem to be involved.
The mechanism of the acute decrease in inotropy caused by alcohol intoxication has never been defined, though the phenomenon has been repeatedly demonstrated (1) (2) (3) (4) (5) (6) . In a series ofexperiments, Puszkin and Rubin advanced the notion that alcohol (180 mM or 0.69 vol %) interfered with actomyosin function in human skeletal muscle (24, 25). These data suggested that in the contractile apparatus of skeletal muscle ethanol inhibited the calcium myofilament interaction. Our data in cardiac muscle do not specify at what point in the troponin actomysin reaction alcohol acts. Ethanol has also been demonstrated to interfere with Na+/K+ pump activity and with sarcolemmal permeability, both perturbations leading to an increase in [Na+]i (26) (27) (28) (29) . It is difficult to ascribe a negative inotropic effect of ethanol at the sarcolemma since the resultant increase in [Na+]i should lead to an increase in [Ca2+]i through Na+/Ca2+ exchange. The results of our study are not to be confused with the voluminous data concerning the effects of chronic alcohol intake on myocardial structure and function (13, 14) . Rather, our data provide, for the first time, a mechanism for the acute decrease in contractile function seen with alcohol consumption. In summary, these data suggest a mechanism for the acute decrease in ventricular function that is seen in alcohol intoxication. Low concentrations ofethanol may inhibit the calcium myofilament interaction, and any manuever that either increases the amount of calcium presented to the myofilaments, or decreases the ethanol will reverse the negative inotropic effect.
